Amylase-specific cDNA probes were used to assay amylase mRNA levels in third-instar larvae ofDrosophila melanogaster. It is shown that there is a difference, of the order of 100-fold, in the mRNA levels between larvae that are fed 10% glucose and larvae of the same wild-type strain that are fed an equivalent diet lacking glucose. In fact, the glucose-fed larvae have barely detectable levels of amylase mRNA. This large difference in transcript abundance indicates that the glucose effect, which we previously characterized at the level of enzyme activity, probably reflects a change in the transcriptional activity of the amylase gene.
Glucose repression of gene expression, although relatively widespread among prokaryotes and lower eukaryotes, is virtually unknown in multicellular higher eukaryotes. One exception to this generalization is our recent finding that dietary glucose can decrease amylase activity by a factor of >100 in wild-type Drosophila melanogaster larvae (1) . A majority of the gene regulatory systems that are currently being studied in eukaryotes involves deterministic switches in gene activity during development. The study of such systems addresses the question of the molecular basis of development. Less attention has been paid to eukaryotic gene regulatory systems that respond facultatively and reversibly to various environmental stimuli. Some notable exceptions are the heat-shock response in Drosophila and other organisms (2), the inducibility of metallothionein genes (3) , and the light induction of plant chloroplast genes (4) . In contrast to the higher eukaryotic systems, many prokaryotic genes, and some lower eukaryotic genes that are involved in the metabolism of carbohydrate substrates, are known to be rapidly and reversibly repressed by glucose in the growth medium (5, 6). As described above, we have previously demonstrated that amylase activity in D. melanogaster, a higher eukaryote, also responds to dietary glucose. Here we show that the reduction in enzyme activity is matched by a parallel reduction in amylase mRNA levels. This means that the glucose repression of amylase gene expression occurs at the level of transcript abundance.
MATERIALS AND METHODS Drosophila Culture. Late third-instar larvae of the Oregon-R "wild"-type strain were used throughout this study.
Larvae were cultured on two test Media that were identical except for sugar content. The compositions of the two food media were as follows: (i) sugar-free food: 5% brewer's yeast (wt/vol), 0.75% agar (wt/vol), and 0.8% propionic acid (vol/vol) in H20; (ii) glucose food: 10% glucose (wt/vol), 5% killed brewer's yeast (wt/vol), 0.75% agar (wt/vol), and 0.8% propionic acid (vol/vol) in H20. Larvae were harvested by washing from the low agar test foods and processed as described below.
Enzyme Gel Electrophoresis. Crude larval homogenates were electrophoresed and stained for amylase activity as described (1, 7) . Following electrophoresis, gels were stained for alcohol dehydrogenase activity by a method adapted from Prakash et al. (8) . Briefly, gels were incubated in 100 ml of 0.1 M Tris HCl, pH 8.5/25 mg of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide/30 mg of NAD/0.75 ml of isopropanol at 370C. After 1 hr of incubation, 2 mg of phenazine methosulfate was added and the gels were stained until bands were visible.
RNA Hybridizations. For the RNA transfer blots, RNA was extracted by using the guanidine hydrochloride method of Cox (9) . Samples were resolved on gels containing formaldehyde (10) . Transfer to Biodyne nylon membranes and hybridizations in 50% formamide were performed essentially as described in the Pall Biodyne Manual (Pall Ultrafine Filtration, Glen Cove, NY). RNA was fixed to membranes by UV irradiation (11) .
Dot blot hybridizations were done as follows. Before application to Biodyne membranes using a Schleicher & Schuell minifold device, RNA samples were heated to 650C in a buffer containing 50% formamide and 6% formaldehyde; they were then cooled and brought to 0.75 M NaCl/75 mM sodium citrate. Samples were applied to a prewetted filter with low suction and fixed to Biodyne membranes as described above. Conditions for hybridization (in 50% formamide) and probe removal are described in the Pall Biodyne Manual.
The probe used to detect Adh sequences was p3O-8/7/8 [pEMBL8(-) containing a 2.8-kilobase HindIII-EcoRI fragment of the genomic Adh clone (sAC1) of Goldberg (17), with the two coding region introns removed; Craig Newton, personal communication]. The Pvu II fragment of pOR-M3, consisting of 650 base pairs (bp) ofD. melanogaster (Oregon-R strain) amylase coding region (unpublished data), was used to probe for amylase mRNA. The RNA transfer blot in Fig.  1B was probed with a mixture of the two probes. Probes were nick-translated to high specific activity according to the method described by Maniatis et al. (10) .
RESULTS
The glucose repression of amylase expression in D. melanogaster was demonstrated by growing larvae of the Oregon-R wild-type strain on two different food media: one containing 10% dextrose, the other food treatment lacking this component. Otherwise the food media were identical, containing 5% killed brewer's yeast, 0.75% agar, and 0.8% propionic acid (as a mold inhibitor). Third-instar larvae were assayed for amylase activity by specific staining of native electrophoretic gels (Fig. 1A) . Duplicate gels were stained for alcohol dehydrogenase (Adh) activity as an internal control. There was a very large difference in amylase activity between glucose-fed and non-glucose-fed larvae (Fig. 1A) ; both sets of larvae, however, showed equivalent levels of Adh activity. To test whether dietary glucose affected the level of amylase
The publication costs of this article wete defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. mRNA, we extracted total RNA from larvae grown under both dietary conditions. The results of RNA transfer blots probed with amylase-specific cDNA probes are shown in Fig.  1B . It is clear that the glucose effect is also seen at the level of amylase mRNA abundance. Again, Adh was used as an internal control by simultaneously probing the filters with an Adh-specific probe (Fig. 1B) . The difference in amylase mRNA levels between the treatments was quantified by using dot blot hybridizations (Fig. 1C) .
Several autoradiographs, of the type shown in Fig. 1C , were scanned with an optical densitometer, and the results are presented in Table 1 . It can be seen that in all cases the amylase mRNA levels in glucose-fed larvae were <3% of that in the non-glucose-fed controls (Table 1) . Moreover, by using a variety of amylase-specific probes we could show that a large fraction of the low ("+ Glc") signal was due to background hybridization-for instance, the hybridization of cDNA poly(A) tracts with the poly(A) tails of non-amylase messages. Either by correcting for the nonspecific background hybridization (Table 1, row 3) or by using gel-purified amylase coding region-specific fragments as probes (Table 1 , row 4) we can show that the glucose-fed larvae have <1% of the control mRNA levels. Fig. 1C , including serial dilutions, were performed with several independently isolated RNA batches from independent experiments. Alcohol dehydrogenase (Adh) probes were used to control for variations in total amount of RNA. Autoradiographs were scanned with an optical densitometer; amylase signal values were normalized relative to the Adh signal, and then the glucose-treatment value was expressed as a percentage of the glucose-free value. Probe "A" consists of the entire pOR-M3 plasmid, which contains 864 bp of D. melanogaster cDNA (including an A17 tail) cloned into the EcoRI site of pUC13. Probe "B" is a gel-purified 650-bp fragment of the pOR-M3 plasmid and it contains only amylase-coding sequence. *Experiment 3 was corrected for nonspecific background hybridization by inclusion of a bacterial RNA dot on the filters.
DISCUSSION
The results described here for the effect of dietary glucose on amylase mRNA levels compare very closely with our previous results on the glucose repression of enzyme activity and mRNA translational activity (1) . Our previous work showed that the glucose effect on Drosophila amylase could be partially counteracted by exogenous cAMP. Preliminary results (data not shown) indicate that the cAMP effect is also at the level of amylase mRNA abundance.
The magnitude of the dietary effects reported here, although very large, nevertheless represent overly conservative estimates of the glucose effect. Since we are working with mass homogenates of entire larvae, it is possible that some individuals, or some cells within all individuals, are either underexposed or relatively insensitive to the effects of dietary glucose. If such heterogeneity exists, it would mean that the effect, in specific instances, might be much larger than the average effect reported here. Dietary glucose also represses amylase activity in D. melanogaster adult flies, but the effect is much less pronounced than in larvae of the same strain. Moreover, one can isolate naturally occurring variants that are less sensitive to dietary glucose (unpublished data). We have found that these strain-and stage-specific variants are also reflected in amylase mRNA levels.
Further work may entail embryo transformation experiments as a means of identifying the potential regulatory sequences in the amylase region that mediate the glucose repression effect described here. As stated above, there are no good higher eukaryote models of glucose repression. Thus, we do not know what, or how many, steps intervene between the dietary glucose molecules themselves and their effects on amylase mRNA levels. Perhaps the closest wellstudied higher eukaryote regulatory systems to the one described here are the repression of mammalian hydroxymethylglutaryl-CoA reductase and low density lipoprotein receptor synthesis by cholesterol (see ref. 12 for a recent review) and the induction of mammalian "glucose-regulated proteins" by glucose starvation (13) . Recent evidence (14) (15) (16) indicates that glucose repression in lower eukaryotes may be complex and may involve positive regulators of transcriptional activity (14, 15) .
The identification of specific sequences involved in glucose repression will shed light on a novel regulatory system in a higher eukaryote, and it also has the potential for providing sequences that can be used to confer glucose repression on other genes. Such a simple mechanism of controlling the expression of introduced genes in transgenic strains could be of great utility.
Finally, our results have implications for the evolution of gene regulatory systems in prokaryotes and eukaryotes, since variations in carbohydrate resources provide analogous environmental challenges for both types of organism.
